Thermorheological characteristics of chickpea ﬂour slurry as affected by moisture content by Álvarez, M. Dolores et al.
 
1 
Thermorheological characteristics of chickpea flour slurry as 1 
affected by moisture content 2 
 3 
M. Dolores Alvarez
a,
*, Raúl Fuentes
a
, M. Dolores Olivares
a
, Francisco J. Cuesta
b
, 4 
Wenceslao Canet
a
 5 
 6 
a
Department of Characterization, Quality and Safety, Institute of Food Science, Technology and Nutrition 7 
(ICTAN-CSIC), José Antonio Novais 10, 28040 Madrid, Spain 8 
b
Department of Products, Institute of Food Science, Technology and Nutrition (ICTAN-CSIC), José Antonio 9 
Novais 10, 28040 Madrid, Spain 10 
 11 
Running title 12 
Rheometric measurement of chickpea flour slurry 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
* Corresponding author. Tel.: +34 915492300; fax: +34 915493627. 48 
E-mail address: mayoyes@ictan.csic.es (M. Dolores Alvarez). 49 
50 
 
2 
ABSTRACT 51 
 52 
Dynamic and thermal properties of chickpea ﬂour (CF) slurry and paste were evaluated to understand CF 53 
behavior before incorporating it into other foods. Viscoelastic properties of CF slurry were investigated as a 54 
function of flour to water ratio (1:5, 1:4, 1:3, and 1:2), using vane geometry. Heat-induced gelatinization of CF 55 
was studied by rheometric measurement under both isothermal and non-isothermal heating processes. 56 
Isothermally induced paste behaved like a weak gel. CF gelatinization kinetics were evaluated by a non-57 
isothermal technique as a function of G', and G' vs. time (t) data from the cross-over of G' and G" up to the G'max 58 
value were considered for rate estimation. Zero-order reaction kinetics described CF gelatinization process well, 59 
with activation energies ranging between 19.5 ± 0.4 and 22 ± 0.5 kJ mol
–1
. Differential scanning calorimetry 60 
(DSC) analysis revealed that gelatinization enthalpy of CF slurry was significantly affected by the moisture 61 
content. 62 
Keywords: Chickpea flour; Rheometry; Elastic modulus; Gelatinization; Reaction kinetics; Thermal 63 
characteristics  64 
65 
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1. Introduction 66 
 67 
The interest in legumes and their constituents is growing in many developed countries because of the 68 
demand for healthy foods. Among common legumes, chickpea is a legume widely consumed throughout Spain 69 
because of its ideal cell wall polysaccharide composition and starch properties (Aguilera et al., 2009). Foods 70 
based on this legume are prepared by a wide range of recipes and preparation methods. Various traditional 71 
oriental foods are prepared using CF slurry, both at household and industrial levels (Ravi and Bhattacharya, 72 
2004). Product development and the science associated with it are giving rise to increasing demands for 73 
quantitative characterization of most of the physical properties of food materials. Rheological properties are 74 
among the more important characteristics, particularly for dispersions, where a discontinuous phase is dispersed 75 
in a continuous phase, mostly water. 76 
The formation of a gel/paste is one of the principal factors that control the quality of starch-containing foods 77 
(Jena and Bhattacharya, 2003). The rheological properties of such a chickpea gel are, on the one hand, important 78 
for its processing (e.g., breaking of a gel by stirring, pumping of broken gel, etc.). On the other hand, and more 79 
importantly, the rheological properties determine product texture, thereby affecting sensory perception and 80 
ultimately the acceptance of a product by the consumer. However, among legumes and legume starches, there is 81 
only a small amount of data available on the rheological properties of CF and starches during gel formation. 82 
Only a limited number of investigations have indicated the shear-thinning behavior of CF dispersions (Ravi and 83 
Bhattacharya, 2004). The gelling ability of CF and the viscous nature of cooked paste are important for the 84 
manufacture of CF-based convenience food gels and purees. 85 
Gelatinization – a thermal transition of hydrated starch – remains an important phenomenon for cereal and 86 
legume starches (Ahmed and Auras, 2011; Ahmed, 2012). The process causes disruption of the starch granule 87 
structure and swelling up to several times the original size. The process occurs in a non-equilibrium state, and 88 
thus the reaction kinetics pertaining to gelatinization provide a deﬁnite set of parameters (temperature, time, 89 
concentration, viscosity, shear rate/oscillation frequency, etc.) for a speciﬁc starch (Ahmed et al., 2013). Starch 90 
gelatinization has mostly been followed by DSC analysis, where the degree of gelatinization is directly measured 91 
from the gelatinization enthalpy (Adebowale and Lawal, 2003; Kaur and Singh, 2005). However, DSC 92 
measurement has not been able to detect gelatinization temperature for all the specimens studied, and the 93 
endotherm depends on the starch to water ratio and some other factors (Ahmed, 2012). 94 
 
4 
Rheometric measurement (small amplitude oscillation shear (SAOS) measurement) has advantages over 95 
DSC and can successfully detect the gelatinization temperature (Ahmed et al., 2008; Ahmed and Auras, 2011; 96 
Ahmed, 2012) in addition to the gel point during non-isothermal heating. According to those authors, the order 97 
of reaction and the energy required to achieve critical gel rigidity (activation energy) can be calculated from such 98 
thermorheological data. The reaction kinetics in food systems have commonly been studied under isothermal 99 
heating conditions. However, the isothermal process has some practical limitations, especially when dealing with 100 
samples that are difficult to heat instantaneously to testing temperatures (Ahmed et al., 2008). Especially at 101 
higher temperatures, it may take even longer to achieve the target temperature than to hold the material at that 102 
temperature to complete the reaction. Some studies have been published on these kinetic approaches under non-103 
isothermal conditions (Ahmed et al., 2008; Ahmed and Auras, 2011; Ahmed, 2012; Yoon et al., 2004), which 104 
allow parameter estimation from a single experiment where temperature is varied over the range of interest, and 105 
samples are taken at various intervals. 106 
The objective of this work, therefore, was to undertake a comprehensive study of the effect of the flour to 107 
water ratio on the dynamic rheological properties of CF slurry and heat-induced paste under either isothermal (at 108 
75 and 90 °C) or non-isothermal (from 30 up to 90 °C) heating conditions, and on thermal properties. Another 109 
implicit objective was to evaluate the non-isothermal heating kinetics of CF gelatinization by a rheological 110 
approach, with a view to providing information that could contribute to effective utilization of this legume in 111 
various food applications. 112 
 113 
2. Materials and methods 114 
 115 
2.1. Materials 116 
 117 
Spanish chickpea (C. arietinum cv. Castellano) flour was a commercially available product donated by the 118 
Los Pisones flour milling company (Zamora, Spain). CF was supplied packed in polyethylene pouches (500 g) 119 
and was stored in watertight containers (10 ± 1°C and 73 ± 3% relative humidity) until use. Mean values for 120 
proximate analysis (g 100 g
–1
) of CF samples (as analyzed by the AOAC method, 1984) were: moisture, 8.49 ± 121 
0.34, total ash, 2.77 ± 0.24, and crude protein (N × 6.25), 20.64 ± 0.05. 122 
 123 
2.2. Sample preparation 124 
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 125 
CF slurries were prepared at different flour concentrations yielding 1:5, 1:4, 1:3, and 1:2 flour to water 126 
ratios. The required amounts of CF and distilled water were placed in a glass 250-mL beaker, hand mixed with a 127 
glass rod, and kept for half an hour at room temperature (25 ± 1 °C) for hydration with stirring at 900 rpm. The 128 
various concentrations were selected to evaluate changes in rheological properties as influenced by moisture 129 
content. 130 
 131 
2.3. Rheological measurements 132 
 133 
A Bohlin CVR 50 controlled stress rheometer (Bohlin Instruments Ltd., Cirencester, UK) was used to 134 
conduct SAOS measurements under isothermal and non-isothermal heating conditions in combination with a 135 
four-bladed cruciform vane geometry (diameter = 25 mm and height = 40 mm), rotating inside a 27-mm-136 
diameter serrated cup with serrations 0.5 mm deep, and a solvent trap to minimize moisture loss during tests. 137 
The temperature of the sample was controlled internally via a computer using a Bohlin Rheology fluid 138 
circulating bath KTB-30 (also from Bohlin Instruments Ltd.). SAOS isothermal measurements were carried out 139 
at three selected temperatures (25, 75, and 90 °C). At 25 °C, CF slurry was allowed to rest for 5 min for stress 140 
relaxation and temperature equilibration before the actual measurements. Temperatures of paste induction (75 141 
and 90 °C) were selected on the basis of gelatinization temperature ranges of CF slurries as observed from non-142 
isothermal heating. To select appropriate times of paste induction, CF slurries were isothermally heated to 75 143 
and 90 °C and held for 30 min (time sweeps), keeping the periodic shear stress (σ) signal at a constant value 144 
(1.23 Pa) within the linear viscoelastic (LVE) region, and at a constant frequency of 1 rad s
–1
.  CF slurry was 145 
then pasted in the vane geometry in situ maintained at 75 and 90 °C, using the pre-condition option for 15 and 5 146 
min, respectively, with controlled amplitude of the σ at 0 Pa (without imposed stress) before the actual 147 
measurements. SAOS measurements on thermally induced CF paste were carried out at the same selected 148 
temperatures of paste induction. 149 
In order to ensure that all measurements were carried out within the LVE range, initially oscillation stress 150 
amplitude sweeps were tested at 1 rad s
–1
 for selected flour to water ratios and temperatures. Amplitude sweeps 151 
were conducted by varying the σ of the input signal from low (1.23 Pa) to high levels, depending on flour 152 
concentration. Based on these tests, oscillation stresses for the various flour contents and isothermal heating 153 
treatments were selected. Then frequency sweep tests were performed at variable frequencies over the range 0.1–154 
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100 rad s
–1
, keeping the σ signal at a constant value within the LVE region. The elastic modulus (G'), viscous 155 
modulus (G"), and complex viscosity (η*) values at a frequency (ω) of 1 rad s–1 were chosen for comparison of 156 
results. For CF slurry at 25 °C, frequency sweeps were carried out over the same ω range, but maintaining the σ 157 
signal at the minimum value provided by the rheometer for vane geometry (1.23 Pa). 158 
Following an initial equilibration of CF slurry for 5 min at 30 °C, temperature sweep tests were performed at 159 
a heating rate of 2 °C min
–1
 to an endpoint of 90 °C (non-isothermal heating) at a ω of 1 rad s–1, and the effect of 160 
the σ signal (at constant values of 1.23 and 25 Pa, respectively) on the starting gel point temperature and time 161 
was studied. The starting gel point temperature was considered as the temperature where there was cross-over of 162 
G' and G". The temperature range selected for kinetic analysis was the range from the starting gel point 163 
temperature to the temperature where G' achieved its maximum value (TG'max). 164 
All rheological measurements were carried out in triplicate. The G', G", and η* values were directly 165 
obtained from the computer software supplied by the manufacturer (Rheometer Software v. 06.40, Bohlin 166 
Instruments Ltd.). 167 
 168 
2.3.1. Kinetic modeling of rheological data 169 
 170 
The general form for non-isothermal kinetics combining reaction rate, time-temperature profile, and 171 
Arrhenius relationship can be written as 172 
dt
RT
E
k
C
dC a
t
C
C n






 
0
0 exp
0
        173 
where C0 is the concentration at zero time, C the concentration at time t, k0 the pre-exponential or frequency 174 
factor, Ea the activation energy (J mol
–1
), T the absolute temperature (K), and R the universal gas constant (8.314 175 
J mol
–1
 K
–1
). 176 
The non-isothermal kinetic relation based on the experimental data and regression analysis was carried out 177 
following the steps described by Rhim et al. (1989) for a linearly increasing temperature system. 178 
For nth order decomposition reaction the rate is described by 179 
nkC
dt
dC
            180 
The temperature dependency of the reaction rate constant is well represented by the Arrhenius relationship: 181 







RT
E
kk aexp0           182 
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Combining  Eqs. (2) and (3), the  kinetic parameters Ea and k0 are estimated from an Arrhenius-type plot, 183 
i.e., ln(-1/C
n
dC/dt) vs 1/T (Rhim et al., 1989).  184 
 185 
2.3.2. Pasting properties 186 
 187 
Pasting properties in terms of η* of CF slurries at 1:5, 1:4, 1:3, and 1:2 flour to water ratios were obtained 188 
from rheograms. The rapid visco-analyzer (RVA) time-temperature sequence described by Vandeputte et al. 189 
(2003) for rice starch was imitated. The heating and cooling cycles were programmed as follows: the sample was 190 
heated from 30 to 90 °C at 2 °C min
–1
, and the temperature was held at 90 °C for 5 min. Then the sample was 191 
cooled down to 30 °C at 2 °C min
–1
; ω and σ signal were maintained at constant values of 1 rad s–1 and 25 Pa, 192 
respectively. Several parameters were evaluated from the pasting curves in accordance with Arocas et al. (2009): 193 
starting gel point temperature, taken as the temperature where there was cross-over of G' and G"; peak viscosity, 194 
taken as the highest viscosity achieved during heating; hot paste viscosity, taken as the viscosity value at the end 195 
of the isothermal period at 90 °C; cold paste viscosity, taken as the viscosity value at the end of the isothermal 196 
period at 30 °C; breakdown, taken as the difference between peak value and hot paste viscosity; and total 197 
setback, taken as the difference between cold and hot paste viscosities. 198 
 199 
2.4. Thermal properties 200 
 201 
A differential scanning calorimeter (TA Q1000, TA Instruments, New Castle, DE, USA) was employed to 202 
measure the thermal analysis for CF slurries. The DSC was calibrated with indium and sapphire for temperature 203 
and heat capacity values. Slurry samples, weighing around 15 mg (± 0.002) as measured by an electronic balance 204 
(Sartorious ME235S, Goettingen, Germany), were capsulated in aluminum hermetically sealed volatile pans. 205 
Thermal scans were performed from 25 to 100 °C at a heating rate of 10 °C min
–1
. An empty pan was used as a 206 
reference, and dry nitrogen at a flow rate of 50 mL min
–1
 was used as the purge gas. The DSC measurements 207 
were done in triplicate. Thermal transitions of CF slurries were measured in terms of onset (To), peak (Tp), and 208 
conclusion (Tc) gelatinization temperatures. The gelatinization temperature interval (I) was computed as (Tc – 209 
To), as described by Vasanthan and Bhatty (1996). The enthalpy (ΔHgel) of the transition (associated with starch 210 
gelatinization) was calculated from the area of the peak endotherm using the Universal Analysis 2000 software 211 
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(v. 4.1D, TA Instruments, New Castle, DE, USA). The peak height index (PHI) was calculated by the ratio 212 
ΔHgel/(Tp – To), as described by Kaur and Singh (2005). 213 
 214 
2.5. Statistical analysis 215 
 216 
A one-way analysis of variance (ANOVA) was used to evaluate the effect of flour to water ratio on dynamic 217 
rheological and thermal properties of CF slurry during non-isothermal heating and of thermally induced CF paste 218 
during isothermal heating at 75 and 90 °C, respectively. Additionally, to establish the effect of flour to water 219 
ratio on the gel points and kinetic parameters during non-isothermal heating of CF slurry at 1.23 and 25 Pa 220 
respectively, two one-factor ANOVAs were performed on the data. Minimum significant differences were 221 
calculated by Fisher’s least significant difference (LSD) tests at significance level 0.01. Statistical analyses were 222 
carried out using the SPSS 19.0 statistical software package (SPSS Inc., Chicago, IL, USA). 223 
 224 
3. Results and discussion 225 
 226 
3.1. SAOS measurements during isothermal heating 227 
 228 
3.1.1. Rheometric determinations in the stress sweep tests of heat-induced CF paste 229 
 230 
Stress sweep is known to provide an excellent basis for comparing the viscoelastic nature of food products 231 
(Campo-Deaño and Tovar, 2009). The effect of the flour to water ratio on the variation of shear stress with strain 232 
(γ), within the LVE range, of CF paste heat-induced at 75 °C is shown in Fig. 1. Similar behavior was observed 233 
for CF paste heat-induced at 90 °C (data not shown). Straight slope obtained from the linear regression (σ vs. γ) 234 
increased as the flour concentration increased (from 1:5 to 1:2). At the lowest concentration, a stiffness value of 235 
491 ± 11 Pa was obtained, whereas a rapid increase in paste rigidity was recorded at the highest concentration, 236 
with a stiffness value of 7385 ± 108 Pa. The highest mechanical strength results from a good combination of 237 
starch-water-heat interactions (Ahmed, 2012). Consequently, water holding capacity (WHC) and/or sediment 238 
volume fraction are also important factors to explain dispersion rheology. In this study,  WHC values 239 
(determined by centrifugation: 8500 rpm for 35 min at 5 °C) were recorded as 25.3 ± 1.9, 35.0 ± 0.0, 45.5 ± 1.1, 240 
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and 61.3 ± 3.4 %  for CF dispersions containing flour to water ratios of 1:5, 1:4, 1:3, and 1:2, respectively. 241 
Therefore, decreasing flour concentration shifted WHC to lower value.  242 
The limit shear strain (γmax) and shear stress (σmax) values are shown in Fig. 1. They were obtained as the 243 
strain above which the complex modulus (G*) decreased by more than 10% of the G*max value (Campo-Deaño 244 
and Tovar, 2009). Samples containing flour to water ratio of 1:2 had a significantly higher σmax value (373.8 ± 245 
40.1 Pa) than the other CF pastes. At the lowest concentration (1:5), CF paste heat-induced at 75 °C behaved as 246 
LVE material when stresses were below σmax = 29.1 ± 3.1 Pa. Similarly, the shear strain decreased at the higher 247 
starch concentrations (Campo-Deaño and Tovar, 2008). Analogous LVE ranges were obtained for CF paste heat-248 
induced at 90 °C, with γmax and σmax limit values of (0.040 ± 0.007, 297.3 ± 25.0 Pa) and (0.059 ± 0.016, 31.4 ± 249 
5.8 Pa) for flour to water ratios of 1:2 and 1:5, respectively. The results indicate that the reinforcement of the 250 
physical structure was associated with a narrowing of the LVE range. 251 
 252 
3.1.2. Rheometric determinations in the time sweep tests of heat-induced CF paste 253 
 254 
Time sweep experiments provide insight into whether temperature or time predominates in rice 255 
gelatinization processes (Hsu et al., 2000; Ahmed et al., 2008). For samples containing flour to water ratios of 256 
1:5 and 1:3 at 75 and 90 °C (Fig. 2), a systematic increase in G' and G" was found to be a function of time 257 
initially. Both moduli increased as a result of the increasing junction zone density, but G' rose more sharply until 258 
it intercepted and then exceeded G". However, the time at which G' and G" crossed depended on the flour to 259 
water ratio and temperature, and it typically moved to lower time values when the flour concentration decreased 260 
and the heating temperature increased because of low solid content. 261 
Isothermal heating of CF slurry at 90 °C resulted in a systematic increase in G' values with shearing time up 262 
to 300 s, then exhibited practically constant values of G' between 300 and 1800 s. However, at 75 °C an 263 
increasing trend of G' was observed up to the end of the heating period, owing to slower formation and 264 
rearrangement of junction zones at the vicinity of starting gel point temperature (cross-over of G' and G"), as 265 
observed from non-isothermal heating. As a consequence, for the first 500 s paste rigidity was higher at 90 °C 266 
than at 75 °C, whereas the opposite was true above 800 s. Viscoelastic changes in starch dispersions depend on 267 
the rate of heating, and, beyond the onset of gelatinization, the higher the temperature, the shorter the heating 268 
time required for G' to reach a maximum (Hsu et al., 2000). Similarly, an increase in flour concentration and 269 
isothermal heating time increased rice flour gel strength (Kapri and Bhattacharya, 2008). 270 
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In this study, there was a moderate temperature effect on viscoelastic changes during heat-induced 271 
gelatinization of CF slurries at 75 and 90 °C, whereas the period of isothermal heating had a more pronounced 272 
effect on paste rigidity at the lower of these two temperatures. Fig. 2 shows that the shape of the time sweep 273 
curves was quite similar at both temperatures. Consequently, under isothermal heating, times of 15 and 5 min at 274 
75 and 90 °C, respectively, were considered appropriate to ensure suitable paste formation from CF slurries at 275 
the flour to water ratios studied. 276 
 277 
3.1.3. Rheometric determinations in the frequency sweep tests of CF slurry and heat-induced paste 278 
 279 
For all the flour to water ratios studied, the behavior of CF slurry at 25 °C was typical of a system with 280 
predominant entanglement networks (data not shown). At low frequencies a liquid-like behavior (G" > G') was 281 
observed, whereas at higher frequencies the system behaved like a solid, with G' > G" and a lower ω dependence 282 
of G". Such behavior is typical of a macromolecular solution with topological entanglements (Ross-Murphy, 283 
1984). In addition, the ‘cross-over frequency’ typically moved to lower ω values when the flour concentration 284 
increased, indicative of the presence of higher entanglement density in the CF slurry at the highest concentration 285 
(1:2).  286 
A dispersion can be converted into a paste/gel under various conditions, such as temperature change (Kapri 287 
and Bhattacharya, 2008). Consequently, CF slurry was analyzed for changes in mechanical properties under 288 
isothermal heating carried out at either 75 or 90 °C. The effect of the flour to water ratio on the ω dependence 289 
and magnitudes of G' and G" of CF paste heat-induced at 75 °C is illustrated in Fig. 3. Similar spectra were 290 
obtained for CF paste heat-induced at 90 °C. Fig. 3 shows that the isothermal heating process converted CF 291 
slurry into paste by starch gelatinization. In the complete flour concentration range studied, the values of G' were 292 
higher than those of G" at all values of ω employed. At 75 °C and at the highest concentration (1:2), G' values 293 
were about one order of magnitude greater than G" values, whereas at 90 °C G' was less than one order of 294 
magnitude greater than G". Therefore, an increase in the slurry heating time before the actual measurement 295 
indicates the extent of sol-paste transformation, supporting the hypothesis that heating time played a significant 296 
role, predominating over temperature. 297 
Given that the appearance of the data on logarithmic coordinates was nearly linear at 75 and 90 °C, a power 298 
law model was used to characterize the ω dependence of the elastic and viscous moduli as follows (Eqs. (4) and 299 
(5)): 300 
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nGG            302 
 303 
where G'0 and G"0 are elastic and viscous moduli at 1 rad s
–1
, respectively, and n' and n" (both dimensionless) 304 
denote the ω dependence of both moduli. According to Campo-Deaño and Tovar (2008), the difference (G'0 – 305 
G"0) can be used as a measure of gel strength. 306 
Slopes and intercepts of Eqs. (4) and (5) after linearization are presented in Table 1 as a function of flour to 307 
water ratio. Better fits (R
2
 > 0.95) were observed for the power law functions describing the relationship between 308 
elastic modulus and frequency, indicating that the behavior of G" was less linear than that of G'. The G" values 309 
appear to be unstable in the low-frequency domain up to 0.12 rad s
–1
, but later show an increasing trend (Fig. 3). 310 
From the regression coefficients, it was also found that CF paste heat-induced at 75 and 90 °C exhibited solid-311 
like characteristics with much higher magnitudes of G'0 than those of G"0. For CF paste induced at 75 °C, the G'0 312 
and G"0 values varied between 339 ± 46 and 11586 ± 539 Pa s
n'
 and 56 ± 1 and 941 ± 49 Pa s
n"
, respectively. The 313 
higher moduli of the heat-treated samples at the highest concentration (1:2) can be explained by their high 314 
inherent amylose content, which could enhance the rigidity of the starch granular structure and the amount of 315 
amylose leached out in the process. A similar observation was reported in the literature for starch dispersions 316 
(Ahmed et al., 2008, 2013; Ahmed and Auras, 2011). In turn, the corresponding n' and n" values for the CF 317 
pastes at either 75 or 90 °C ranged between 0.05 ± 0.004 and 0.07 ± 0.003and between 0.07 ± 0.007 and 0.16 ± 318 
0.004. A good gel is known to exhibit the same proportional change in G' and G" with ω over a wide range; i.e., 319 
n' and n" must be identical (Campo-Deaño and Tovar, 2008).
 
Consequently, the CF paste behaved like a weak 320 
gel as reported previously for hydrolyzed lentil starch gels (Ahmed and Auras, 2011). 321 
On the other hand, at a specific flour to water ratio, the effect of isothermal heating conditions on the 322 
regression coefficients was not systematic (Table 1). CF pastes heat-induced at 90 °C containing flour to water 323 
ratios of 1:5 and 1:4 exhibited higher mechanical strength because the associated G'0 values for G' as well as the 324 
gel strength were higher than those corresponding to their counterparts at 75 °C. However, CF pastes heat-325 
induced at 75 °C containing flour to water ratios of 1:3 and 1:2 exhibited higher rigidity than their counterparts 326 
at 90 °C, which had significantly higher n' values. Therefore, paste rigidity depended on the interaction between 327 
induction temperature and flour to water ratio. A likely explanation is that for the lower concentrations the extent 328 
of interchain associations necessary for the development of a rigid three-dimensional network structure increased 329 
at the highest temperature because of the greater amount of linear starch molecules exuded in the intergranular 330 
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spaces. However, water became a critical factor for samples containing flour to water ratios of 1:3 and 1:2, and 331 
therefore the gelatinization process of CF slurry at 90 °C remained incomplete for the higher concentrations 332 
owing to insufficient water. The rheological features of starch suspensions are therefore mainly determined by 333 
the particle rigidity of the swollen granules (Vandeputte et al., 2013). 334 
In addition, all the CF slurries were clearly above the critical gel point (Fig. 3), where G' = G" over a large 335 
frequency range (Winter and Chambon, 1986). For insoluble starch from basmati rice, a critical concentration 336 
(~20% w/w) is required to result in a moderate gel network (Ahmed et al., 2008). Some researchers have argued 337 
that the rheology of starches depends on starch concentrations and thus on close packing concentration (C*). C* 338 
is defined as the concentration at which starch granules are swollen to equilibrium and fill up the available space 339 
in a starch suspension (Vandeputte et al., 2003).  340 
 341 
3.2. SAOS measurements during non-isothermal heating 342 
 343 
3.2.1. Rheometric determinations in the temperature sweep tests of CF slurry 344 
 345 
The effect of the flour to water ratio on G' and G" of CF slurry during temperature sweep at constant σ of 346 
1.23 Pa is illustrated in Fig. 4. The G' and G" values increased as the concentration of flour increased (from 1:5 347 
to 1:2). At the lowest concentration (1:5) a weak paste formed, whereas a rapid increase (about 10
3
 times) in 348 
paste rigidity was recorded at the highest concentration. During linear heating, in all the flour to water ratios, the 349 
initial increase in temperature produced a decrease in the values of both moduli. Initially, this decrease may only 350 
be associated with the effect of increasing temperature. The decrease was more evident for samples at the highest 351 
concentration (Fig. 4). It can be seen that at the beginning of heating G" was higher (~ 10 times) in magnitude 352 
than G' reflecting the liquid-like behavior of the CF slurries. However, by increasing temperature, the G' and G" 353 
of the CF samples increased markedly between 65 and 80 °C, and the cross-over of G' and G" was reached. Gel 354 
point, most commonly defined as the time at which G' and G" intersect (Pilosof, 2000), generally occurs as a 355 
result of the early stage of starch gelatinization (Ahmed et al., 2008); this stage corresponds to when starch 356 
granules swell and melt. Finally, the G' and G" of the CF samples increased slowly from 75 to 90 °C until a 357 
maximum value was reached; this period corresponds to complete starch gelatinization followed by sol–gel 358 
conversion. A significant increase in G' of starch on heating is caused by formation of a three-dimensional (3D) 359 
 
13 
gel network developed by leached-out amylose and reinforced by strong interactions among the swollen starch 360 
particles (Ahmed et al., 2008, Ahmed, 2012; Hsu et al., 2000; Ring, 1985; Vasanthan and Bhatty, 1996). 361 
The effect of the flour to water ratio on the gel points of the CF slurries obtained during non-isothermal 362 
heating at constant stresses of 1.23 and 25 Pa is shown in Table 2. The starting gel point temperature (Tgel) was 363 
considered as the temperature where there was cross-over of G' and G", whereas the temperature corresponding 364 
to the maximum value of the elastic modulus G'max in the rheogram (G'–t), is considered as TG'max. Both starting 365 
gel point time and temperature decreased significantly as flour concentration increased at both 1.23 and 25 Pa, in 366 
good agreement with the literature. According to Marques et al. (2006), by increasing the volume fraction and 367 
thus reducing the inter-particle distance the rheological signature is more rapidly detected, once the swelling of 368 
the granules has started. The delay in the temperature and time of the inflexion point in the samples containing a 369 
flour to water ratio of 1:5 could be crucial to avoid earlier thermosetting (Martínez-Cervera et al., 2012). On the 370 
other hand, at a similar flour to water ratio, tgel and Tgel values showed a shift when σ signal increased from 1.23 371 
to 25 Pa during heating. For instance, at the highest concentration (1:2), tgel and Tgel values increased from 1241 372 
± 28 s and 69 ± 1 °C to 1354 ± 8 s and 75 ± 2 °C, respectively. Viscoelastic changes of CF slurry depend on the 373 
amplitude of the σ applied: the higher the σ during heating, the longer and higher the heating time and 374 
temperature, respectively, required before the cross-over of G' and G". 375 
In addition, the gel point was not detected during heating of samples containing a flour to water ratio of 1:5 376 
at 25 Pa. In contrast, G" was higher than G' throughout the complete ramp because of the low solid content 377 
associated with strong stirring. The higher σ during heating was probably associated with a decrease in starch 378 
swelling and an increase in the starch breakdown process. By using a starch pasting cell attached to a rheometer, 379 
higher shearing speeds during processing reduced the viscoelasticity of sauces signiﬁcantly in all the starches 380 
studied (Arocas et al., 2009). 381 
The effect of moisture content and the σ applied on the TG'max values of the CF slurries is also shown in 382 
Table 2. At 1.23 Pa, a peak value of elastic modulus was detected during heating before slightly decreasing when 383 
the temperature increased further. Temperature for these G'max values also decreased as the flour concentration 384 
increased, although no significant influence of the flour concentration on the TG'max was detected. Decreases in G' 385 
and G" with more increase in temperature indicates destruction of the gel structure with prolonged heating (Hsu 386 
et al., 2000). In turn, at 25 Pa, the G' and G" values of CF slurries at 1:5, 1:4, and 1:3 flour to water ratios 387 
continued to develop without leveling off, and the temperature associated with G'max was considered as the 388 
endpoint for the non-isothermal heating (90 °C). 389 
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3.2.2. Non-isothermal kinetic studies 390 
 391 
Non-isothermal heating ramps carried out at 25 Pa were not considered suitable for the study of 392 
gelatinization kinetics because linear viscoelastic experiments are preferred for studying kinetics of 393 
gelatinization (Yoon et al., 2004). The temperature range selected for the kinetic analysis was the range from the 394 
starting gel point temperature (cross-over of G' and G") to the temperature where G' achieved its maximum value 395 
(TG'max), as described earlier and given in Table 2. The kinetic equation can be converted to Eq. (6) in terms of 396 
rheological parameters (G' and dG'), as described by Ahmed et al. (2008) and Yoon et al. (2004). The negative 397 
sign of kinetic equation is substituted by a positive sign because of the increase in G' during heating (positive 398 
dG').  399 
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ln 0          400 
Derivatives of experimental data are usually calculated by the following methods: (1) graphical 401 
differentiation, (2) polynomial curve fitting and differentiation of the fitted equation, and (3) numerical 402 
differentiation (Rhim et al., 1989). In this study, various regression equations were tested to approximate the 403 
change of G' with respect to time, and the corresponding R
2
 values for both logarithmic and second-order 404 
polynomial functions were very adequate for all the CF samples. As an example, Fig. 5a shows logarithmic and 405 
second-order polynomial fits approximating the change of G' vs. t for CF samples containing flour to water ratios 406 
of 1:5 and 1:4. Nevertheless, in general terms the goodness of fit for Eq. (6) was slightly higher when dG'/dt was 407 
estimated from logarithmic equations. Consequently, the derivative of G' with respect to time was finally 408 
approximated as a constant/t. Recently, Ahmed et al. (2013) solved Eq. (6) numerically by using fourth-order 409 
Runge-Kutta for an ordinary non-linear differential equation. 410 
A multiple linear regression was used with the CF kinetic data set to determine the order of the reaction (n) 411 
after changing the above equation into the following linear form (Eq. (7)): 412 
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ln 0          413 
The reaction orders of the above equation for CF slurries are reported in Table 2. All the CF samples 414 
showed a reaction order very close to zero without a significant effect of the flour to water ratio on the n value. 415 
The reaction order was further verified by considering n = 0, n = 1, and n = 2 in Eq. (6), which confirmed a 416 
better fit for zero-order reaction kinetics (with all the R
2
 > 0.99) (Table 2); the corresponding R
2
 values ranged 417 
between 0.63 ± 0.10 and 0.89 ± 0.07 for n values of 1, and between 0.61 ± 0.08 and 0.88 ± 0.03 for n values of 2. 418 
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Furthermore, in this study Eq. (6) was also integrated and particularized for reaction order n = 0, n = 1, and n = 419 
2, obtaining k0 and Ea parameters directly from data of G' vs. temperature (data not shown). Again, the best n-420 
value to fit the experimental data was found to be zero. 421 
Arrhenius-type plots for flour/starch gelatinization with data generated by linearly increasing temperature 422 
are presented in Fig. 5b. According to Yoon et al. (2004), a linear relationship in the temperature range studied 423 
would indicate a unique gelatinization mechanism during heating. In contrast, the starch gelatinization process of 424 
mung bean starch individually and sample incorporating 10% sodium chloride and 10% sucrose (Ahmed, 2012), 425 
followed first-order kinetics well. However, addition of 5% sodium chloride, 5% sucrose, and their blend 426 
followed second-order gelatinization kinetics. The temperature range selected by Ahmed (2012) for kinetic 427 
analysis was from 50 °C to the G'max value. Second-order reaction kinetics have also been reported for protein 428 
gelation in a wide temperature range from 20 to 80 °C (Yoon et al., 2004). Very limited information is available 429 
on zero-order reaction kinetics for starch gelatinization. This may be because other works consider a wider 430 
temperature range. The gelatinization process of CF slurry in a narrow temperature range (from gel point to 431 
G'max), determined and averaged to be only about 14.3 ± 1.3 °C, followed zero-order kinetics well (Table 2). 432 
A least squares linear regression was used to estimate activation energy from the slope of Eq. (7). The Ea 433 
of CF slurries ranged from 19.5 ± 0.4 to 20.6 ± 0.4 kJ mol
–1
 (Table 2). Lastly, the Ea was further verified by 434 
linear regression of the kinetic equation (Eq. 6) at the selected order (n = 0). The lower Ea at higher moisture 435 
contents implies that they were more favorable for gelatinization. The significant increase in Ea values for 436 
gelatinization of CF slurry at the highest concentration (1:2) could be attributable to the fact that starch granules 437 
cannot swell to their equilibrium volume because of limited availability of water (Ahmed et al., 2008). In the 438 
literature, a wide range of Ea values (10–300 kJ mol
–1
) has been reported. A lower Ea for CF slurries (~20 kJ 439 
mol
–1
) is because of considering a narrower temperature range for the starch gelatinization process. Probably, 440 
different methods used by authors for calculating derivatives of experimental data also influence the Ea values 441 
reported in the literature. 442 
 443 
3.2.3. Pasting properties 444 
 445 
Both paste and gel may be considered as composite materials, with swollen starch granules filling the 446 
polymer solution or polymer gel network (Jena and Bhattacharya, 2003). If the starch concentration is high 447 
enough, the paste can convert into a gel during cooling (Kapri and Bhattacharya, 2008). Time–temperature 448 
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sequences of RVA were imitated in order to evaluate the variation of η* when the CF paste forms a gel on 449 
cooling. Fig. 6 shows a representative pasting profile of CF slurry containing a flour to water ratio of 1:3. The 450 
pasting profiles of the CF slurry were altered to a significant extent by moisture content. As reported earlier, the 451 
Tgel was found to be at ~83 °C for CF slurry containing a flour to water ratio of 1:4 and at ~75 °C for samples at 452 
both 1:3 and 1:2 flour to water ratios (Table 2). Moreover, at the lowest concentration (1:5), the cross-over of G' 453 
and G" occurred during the holding phase at 90 °C. With regard to the peak value of η*, CF slurries containing 454 
flour to water ratios of 1:5, 1:4, and 1:3 did not show any peak in η* during the heating ramp, and during the 455 
holding phase η* continued to increase progressively. At the highest concentration (1:2), a peak viscosity was 456 
detected at 87 °C accompanied by a slight decrease, but once again η* increased gradually during the holding 457 
phase. Therefore, the CF slurries did not show any breakdown in η*. Breakdown is a parameter that provides 458 
information about the magnitude of the decrease in viscosity during heating, and in starch water systems it is 459 
very valuable to evaluate the degree of starch stability during heating and shearing (Arocas et al., 2009). In this 460 
study, the non-existence of structural breakdown during heating would reflect high stability of the CF paste. 461 
Analogously, high amylose starch did not show any breakdown in viscosity (Kaur et al., 2008). The results also 462 
show that chickpea starch swells slowly on heating, tending to be not very shear sensitive (Arocas et al., 2009). 463 
All the curves revealed increasing viscosity during isothermal heating period at 90 °C, up to the hot paste 464 
viscosity value, reﬂecting the starch-swelling process. Hot paste viscosity values were found to be 152 ± 27, 445 465 
± 56, 2932 ± 118, and 7139 ± 102 Pa s, for CF pastes containing flour to water ratios of 1:5, 1:4, 1:3, and 1:2, 466 
respectively. Finally, during the cooling period, in all the CF pastes, an increase in η* was observed, indicating 467 
gel formation (Kapri and Bhattacharya, 2008), and once again the final viscosity achieved was lower for the 468 
lowest concentration. Cold paste viscosity values were recorded as 981 ± 75, 2986 ± 56, 13470 ± 327, and 18702 469 
± 210 Pa s for CF gels containing flour to water ratios of 1:5, 1:4, 1:3, and 1:2, respectively. So far, no 470 
information is available on the complex viscosity of chickpea flours and/or starches during pasting. According to 471 
Kaur and Singh (2005), setback is a measurement of retrogradation tendency or syneresis of flours upon cooling 472 
of cooked flour pastes. Setback values were found to be 829 ± 48 and 11563 ± 111 Pa s at the lowest and highest 473 
concentrations, respectively. The lowest setback value of the CF gel containing a flour to water ratio of 1:5 474 
indicates its lower tendency to retrograde. Lower tendencies to retrograde are an advantage in food products such 475 
as soups and sauces, which undergo loss of viscosity and precipitation as a result of retrogradation (Adebowale 476 
and Lawal, 2003). 477 
 478 
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3.3. Thermal properties 479 
 480 
CF slurries hydrated at different moisture levels were thermally scanned in a DSC up to 100 °C and all the 481 
samples exhibited an endothermic peak (corresponding to starch gelatinization). This indicated that hydration of 482 
starch was always optimum for melting of starch crystallites (causing the glass transition to be passed), and 483 
consequently a DSC thermal transition was obtained (Ahmed et al., 2008). This observation was supported by 484 
earlier studies reporting a single DSC endotherm for starch gelatinization in the presence of excess water 485 
(Calzetta Resio and Suarez, 2001). The flour to water ratio had a significant (P < 0.01) effect on all the thermal 486 
properties (Table 3). To, Tp, and Tc for CF slurry ranged from 62.0 ± 0.1 to 64.2 ± 0.1 °C, 71.1 ± 0.6 to 72.8 ± 0.0 487 
°C, and 87.0 ± 0.7 to 98.3 ± 3.4 °C, respectively. 488 
CF slurry at the lowest concentration had the significantly lowest value of Tc, whereas there was no 489 
significant difference between the Tp and Tc values of CF slurries containing flour to water ratios of 1:4, 1:3, and 490 
1:2. Neither there was any significant difference between the T0 values of samples containing flour to water 491 
ratios of 1:5 and 1:2, with only a minor increase of 1 °C in T0 at the highest concentration. Similarly, To and Tp 492 
did not vary significantly with an increase in water content, whereas Tc decreased by more than 14 °C when the 493 
water content was excessive (Calzetta Resio and Suarez, 2001). This was attributed to extensive hydration and 494 
swelling of the amorphous regions, which in turn enhances melting of crystallites upon heating. Meares et al. 495 
(2004) reported average To and Tp for Australian CF samples of 64 and 72 °C, respectively, while Kaur and 496 
Singh (2005) reported higher onset (65.4–67.9 °C) and similar peak (70.6–73.3 °C) temperatures for Indian 497 
Kabuli and Desi flours than those of the Spanish variety in this study. This variation may be attributed to 498 
variations in the moisture content of the slurries.  499 
On the basis of the rheological measurements, Tgel and TG'max were higher than when using the DSC (To and 500 
Tp). On the other hand, a decrease in both gelatinization temperatures was observed with increasing flour 501 
concentration (Table 2). The differences in the results can be explained by the properties measured by the two 502 
methods. While a differential scanning calorimeter measures gelatinization as melting of starch crystals, the 503 
rheometer measures gelatinization as an increase in viscosity (Vallons and Arendt, 2009). Ahmed et al. (2008) 504 
previously stated that at low moisture contents, the plasticizing effect of water is low, which leads to a high 505 
melting temperature of crystallites (DSC), while the presence of more starch leads to low pasting temperature 506 
(rheology). 507 
 
18 
The gelatinization enthalpy value of the CF slurries varied from 1.1 ± 0.0 to 2.5 ± 0.1 J g
–1
. Samples 508 
containing a flour to water ratio of 1:5 showed the lowest ∆Hgel value, whereas the highest was observed for a 509 
flour to water ratio of 1:2. Kaur and Singh (2005) reported higher enthalpies (3.5–4.9 J g–1) for CF slurries. In 510 
addition to starch, CF slurries also contain a relatively large amount of protein, which could also give an 511 
endothermic peak on heating in water. At the temperature range used in this study, endothermic peaks for protein 512 
denaturation were not detected, but the overlapping protein and starch peaks in the CF thermogram made it 513 
impossible to determine the ∆Hgel as well as the width of the starch gelatinization transition (Meares et al., 2004). 514 
Finally, PHI values for the CF slurries ranged from 0.15 ± 0.00 to 0.29 ± 0.01 (J g
−1
 °C
−1
). Samples at the highest 515 
concentration showed the significantly greatest PHI as compared to more dilute slurries. Therefore, greater 516 
energy is needed (fusion enthalpy) to break the intermolecular bonds in starch granules of this CF slurry to 517 
achieve gelatinization. Samples containing a flour to water ratio of 1:5 showed the significantly lowest 518 
gelatinization temperature interval (I), suggesting the presence of crystallites of more comparable stability within 519 
the crystalline domains of their starch granules (Kaur and Singh, 2005). According to Vasanthan and Bhatty 520 
(1996), the more granules there are, the wider the gelatinization range is likely to be. 521 
 522 
4. Conclusions 523 
 524 
Isothermal heating processes converted CF slurry into paste by starch gelatinization; paste rigidity depended 525 
upon moisture content. For CF paste induced at 75 °C, G'0 value was 339 ± 46 and 11586 ± 539 Pa s
n'
 at the 526 
lowest (1:5) and highest (1:2) flour concentrations, respectively. During non-isothermal heating, both starting gel 527 
point time and temperature decreased significantly as moisture content decreased. At 1.23 Pa, the tgel and Tgel 528 
values were 1322.0 ± 4.3 s and 75.9 ± 1 °C at the lowest concentration (1:5) and 1240.7 ± 28.2 s and 68.7 ± 1.3 529 
°C at the highest concentration (1:2). Gel point depend on the amplitude of the σ applied: the higher the shear 530 
stress (25 Pa), the longer and higher the heating time and temperature, respectively, required before the gel point. 531 
Gelatinization process of CF slurry under non-isothermal conditions was well described by zero-order reaction 532 
kinetics. The lower activation energy (19.5±0.4 kJ mol
–1
) at higher moisture content (1:5) implies that they were 533 
more favorable for gelatinization. Pasting properties evidenced that CF paste behaved differently from CF gel. 534 
The lower setback value (829 ± 48 Pa s) observed for CF gel at the lowest concentration (1:5) could be an 535 
advantage in formulation of textured chickpea products. 536 
537 
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Nomenclature 
Symbols and abbreviations 
 
ANOVA analysis of variance 
CF chickpea flour 
C0 concentration at zero time, mol L
–1
 
C concentration at time t, mol L
–1
 
C* close packing concentration 
DSC differential scanning calorimetry 
dG' change of elastic modulus, Pa 
dG'/dt derivative of elastic modulus with respect to time, Pa s
-1
  
ΔHgel gelatinization enthalpy, J g
-1
 
Ea activation energy, J mol
–1
 
η* complex viscosity, Pa s 
G' elastic modulus, Pa 
G'0 intercept of linear regression of power-type relationship of lnω vs. lnG', Pa s
n'
  
G" viscous modulus, Pa 
G"0 intercept of linear regression of power-type relationship of lnω vs. lnG", Pa s
n"
 
G'0 – G"0  gel strength, Pa s
n
    
G* complex modulus, Pa 
γ shear strain, dimensionless 
γmax limit value of shear strain, dimensionless  
I gelatinization temperature interval, °C 
k0 frequency factor, dimensionless 
LSD least significant difference 
LVE linear viscoelastic region 
n order of the kinetic reaction 
n' slope of linear regression of power-type relationship of lnω vs. lnG', dimensionless 
n" slope of linear regression of power-type relationship of lnω vs. lnG", dimensionless 
PHI peak height index, J g
−1
 °C
−1
 
ω angular frequency, rad s–1 
R universal gas constant, J mol
–1
 K
–1
  
R
2 
determination coefficient, % 
RVA rapid visco-analyzer  
SAOS small amplitude oscillation shear 
SD standard deviation 
σ shear stress, Pa 
σmax limit value of shear stress, Pa  
t time, s  
T absolute temperature, K  
tgel starting gel point time in the rheogram (G'–t), s 
Tgel starting gel point temperature in the rheogram (G'–t), °C 
TG'max temperature where G' achieves its maximum value in the rheogram (G'–t), °C 
To onset gelatinization temperature, °C 
Tp peak gelatinization temperature, °C 
Tc conclusion gelatinization temperature, °C 
WHC water holding capacity, % 
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Figure captions  1 
 2 
Fig. 1.  Effect of flour to water ratio (1:5, 1:4, 1:3 and 1:2) on the linear viscoelastic range of heat-induced 3 
chickpea flour paste at 75 °C. Mean values of three measurements ± error bars. 4 
Fig. 2.  Effect of isothermal heating on paste rigidity of chickpea flour slurries containing flour to water ratio 1:5 5 
and 1:3 at selected temperatures (75 and 90 °C). 6 
Fig. 3. Effect of flour to water ratio (1:5, 1:4, 1:3 and 1:2) on mechanical spectra of heat-induced chickpea flour 7 
paste at 75 °C. Mean values of three measurements ± error bars.  8 
Fig. 4. Effect of flour to water ratio (1:5, 1:4, 1:3 and 1:2) on elastic and viscous moduli of chickpea flour slurry 9 
during non-isothermal heating between 30 and 90 °C at heating rate of 2 °C min
-1
 (frequency of 1 rad s
-1
), and  at 10 
constant shear stress value of 1.23 Pa.   11 
Fig. 5. (a) Logarithmic and second order polynomial fits approximating the change of elastic modulus vs. time 12 
between starting gel point temperature and that where G’ achieves its maximum value during non-isothermal 13 
heating of chickpea flour samples containing flour to water ratio 1:5 and 1:4. (b) Applicability of zero-order 14 
kinetics for chickpea flour slurry at 1:5, 1:4, 1:3 and 1:2 flour to water ratios; Y = ln[(1/G’)0(dG’/dt)].  15 
Fig. 6. Pasting profile of chickpea flour slurry containing flour to water ratio 1:3 in terms of complex viscosity 16 
as function of temperature and time.   17 
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Fig. 1. Effect of flour to water ratio (1:5, 1:4, 1:3, and 1:2) on the linear viscoelastic range of chickpea flour paste heat-induced at 75 °C. Mean 
values of three measurements ± error bars.   
Fig. 2. Effect of isothermal heating on paste rigidity of chickpea flour slurries containing flour to water ratio 1:5 and 1:3 
at selected temperatures (75 and 90 °C).  
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Fig. 4. Effect of flour to water ratio (1:5, 1:4, 1:3, and 1:2) on elastic and viscous moduli of chickpea flour slurry during non-isothermal heating 
between 30 and 90 °C at heating rate of 2 °C min-1 (frequency of 1 rad s-1), and  at constant shear stress value of 1.23 Pa.   
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Fig. 5. (a) Logarithmic and second order polynomial fits approximating the change of elastic modulus vs. 
time between starting gel point temperature and that where G’ achieves its maximum value during non-
isothermal heating of chickpea flour samples containing flour to water ratios of 1:5 and 1:4. (b) Applicability 
of zero-order kinetics for chickpea flour slurriy at 1:5, 1:4, 1:3 and 1:2 flour to water ratios; Y = 
ln[(1/G’)0(dG’/dt)].  
Fig. 6. Pasting profile of chickpea flour slurry containing flour to water ratio 1:3 in terms of complex viscosity as a function of temperature and 
time. 
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Table 1 
Effect of flour to water ratio on power law parameters of Eqs. (4) and (5) from frequency sweep tests of chickpea flour paste heat-
induced at 75 and 90 °C. 
Isothermal 
heating 
temperature 
Flour to 
water 
ratio 
 
G' Eq. (4)  
 
G" Eq. (5) 
 
  
G'0 - G"0 
(Pa s
n
) 
 
lnG'0 
(Pa s
n'
) 
n' R
2
 lnG"0 
(Pa s
n"
) 
n" R
2
 
75 °C 1:5 5.82 ± 0.13
d
 0.05 ± 0.004
a
 0.99 4.03 ± 0.02
d
 0.14 ± 0.004
a
 0.85 283 ± 45
c
 
 1:4 6.70 ± 0.05
c
 0.05 ± 0.003
a
 0.99 4.90 ± 0.09
c
 0.16 ± 0.004
a
 0.92 677 ± 29
c
 
 1:3 7.77 ± 0.08
b
 0.05 ± 0.005
a
 0.99 5.89 ± 0.05
b
 0.14 ± 0.011
a
 0.85 2019 ± 181
b
 
 1:2 9.36 ± 0.05
a
 0.05 ± 0.001
a
 0.98 6.85 ± 0.05
a
 0.11 ± 0.002
b
 0.78 10646 ± 583
a
 
90 °C 1:5 6.17 ± 0.03
d
 0.05 ± 0.004
b
  0.95 4.18 ± 0.01
d
 0.10 ± 0.004
a
  0.77 412 ± 11
c
 
 1:4 6.77 ± 0.03
c
 0.05 ± 0.003
b
 0.98 4.85 ± 0.04
c
 0.11 ± 0.006
a
 0.81 745 ± 35
c
 
 1:3 7.53 ± 0.01
b
 0.06 ± 0.002
a
 0.99 5.72 ± 0.06
b
 0.11 ± 0.004
a
 0.87 1550 ± 10
b
 
 1:2 8.82 ± 0.07
a
 0.07 ± 0.003
a
 0.98 6.72 ± 0.04
a
 0.07 ± 0.007
a
 0.75 5954 ± 431
a
 
a-d
For each rheological parameter and for the same temperature, means without the same letter are significantly different (P < 0.01) according to 
the LSD multiple range test. 
lnG'0, lnG"0, n' and n", regression coefficients relating G' or G" and frequency (ω); G'0 – G"0, gel strength. 
Mean values (n = 3) ± SD. 
 
Table 2 
Effect of flour to water ratio and shear stress on gel points and kinetic parameters of chickpea flour slurry during non-isothermal heating from 30 to 90 °C. 
Shear 
stress 
(Pa) 
Flour 
to 
water 
ratio 
Gel point 
(G' – G" cross-over) 
Non-isothermal kinetic parameters 
 Time 
(tgel)(s) 
Temperature 
(Tgel) (°C) 
Temperature 
(TG'max) (°C) 
Ea (Eq. 6) 
(kJ mol
–1
) 
R
2
 (%) Reaction order 
(n) (Eq. 7) 
Ea (Eq. 7) 
(kJ mol
–1
) 
k0 (Eq. 7) R
2
 (%) 
1.23 1:5  1322.0±4.3
a
 75.9±1.0
a
 89.3 °C±0.9
a
 20.3±0.4
b
 99.88±0.04 0.005±0.002
a
 19.5±0.4
b
 1.52E-03±1.20E-03
b
 99.89±0.03 
 1:4  1272.7±19.8
a,b
 74.2±0.5
a
 87.9 °C±0.2
a
 21.2±0.1
a,b
 99.93±0.00 0.003±0.000
a
 20.4±0.4
a,b 
 1.53E-03±2.07E-04
b
 99.97±0.01 
 1:3  1254.7±9.6
b
 72.1±1.7
a,b
 85.3 °C±2.4
a
 21.3±0.1
a,b
 99.92±0.01 0.003±0.001
a
 20.6±0.4
a
 5.05E-03±6.88E-04
b
 99.97±0.00 
 1:2  1240.7±28.2
b
 68.7±1.3
b
 86.6 °C±1.1
a
 22.0±0.5
a
 99.85±0.03 0.004±0.000
a
 20.3±0.1
a,b
 1.76E-02±2.43E-03
a
 99.96±0.02 
25 1:5  - - 90.0 °C±0.0
a
 -  - - - - 
 1:4  1578.7±14.3
a
 82.6±1.0
a
 90.0 °C±0.0
a
 -  - - - - 
 1:3  1363.3±11.5
b
 75.0±1.6
b
 90.0 °C±0.0
a
 -  - - - - 
 1:2  1354.0±8.3
b
 75.1±2.1
b
 87.3 °C±0.3
b
 -  - - - - 
a,b
For each parameter and for the same constant shear stress, means without the same letter are significantly different (P < 0.01) according to the LSD multiple range test. tgel: 
starting gel point time; Tgel: starting gel point temperature; TG'max: temperature corresponding to the maximum value of elastic modulus G'max in the rheogram (G'-t). 
Mean values (n = 3) ± SD. 
 
 
Table 3 
Effect of flour to water ratio on thermal properties of chickpea flour slurry subjected to non-isothermal 
heating up to 100 °C. 
Flour to water 
ratio 
To (°C) Tp (°C)  Tc (°C) ΔHgel (J g
-1
) PHI (J g
−1
 °C
−1
) I (°C) 
1:5 63.3±0.5
a,b
 71.1±0.6
b
  87.0±0.7
b
 1.1±0.0
c
 0.15±0.00
b,c
 23.6±0.2
b
 
1:4 62.0±0.1
c
 71.9±0.1
a,b
  98.3±3.4
a
 1.3±0.1
c
 0.13±0.01
c 
36.4±3.4
a
 
1:3 62.8±0.3
b,c
 72.4±0.5
a,b
  98.1±1.1
a
 1.8±0.1
b
 0.19±0.03
b
 35.3±0.9
a
 
1:2 64.2±0.1
a
 72.8±0.0
a
 97.1±2.4
a
 2.5±0.1
a
 0.29±0.01
a
 32.8±2.3
a
 
a-c
For each thermal property, means without the same letter are significantly different (P < 0.01) 
according to the LSD multiple range test. Mean values (n = 3) ± SD. 
To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; ΔHgel, enthalpy of gelatinization; 
PHI, peak height index (ΔHgel/(Tp – To)); I, gelatinization range or interval (Tc – To). 
 
Highlights 
 
 Paste strength depended upon flour to water ratio and isothermal heating condition. 
 Decreasing flour concentration shifted onset gel point temperature to higher value. 
 Zero-order reaction kinetics described the flour gelatinization process well. 
 The gelatinization process activation energies ranged between 19.5 and 22 kJ mol–1. 
 The gelatinization enthalpy of chickpea flour slurry varied from 1.1 to 2.5 J g–1. 
